Abstract-Clay beds 1-2 m thick and interbedded with marine limestones probably of early Eocene age are composed of nearly pure mixed-layer kaolinite-montmorillonite. Particle size studies, electron micrographs, X-ray diffraction studies, chemical analyses, cation exchange experiments, DTA, and TGA indicate that clays from three different localities contain roughly equal proportions of randomly interlayered kaolinite and montmorillonite layers. The montmorillonite structural formulas 3+ average K0.2Na0.2Ca0.2Mg0.2(A12.sFel.0Mgo.5)(A10.7~S17.25)O20+(OH)4-, with a deficiency of structural (OH) in either the montmorillonite or kaolinite layers. Nonexchangeable K + indicates that a few layers are mica-like. Crystals are mostly round plates 1/10 to 1/20 p~ across. The feature most diagnostic of the mixed-layer character is an X-ray reflection near 8 A after heating at 300~ The clays are inferred to have developed by weathering of volcanic ash and subsequent erosion and deposition in protected nearshore basins.
INTRODUCTION
THE THREE clays described herein were part of a much larger suite of pottery clays collected from 1958 to 1964 by A. O. Shepard or obtained by her from Thompson (1958) in connection with their studies of contemporary Mayan potters of the Yucatan Peninsula. Most of the clays were kaolinite, montmorillonite, or attapulgite, but three were composed of material unlike any previously encountered by the authors. The three clays were tentatively interpreted from X-ray diffraction data as mixed-layer kaolinite-montmorillonite, and considerable additional analytical data obtained on purified material have confirmed this identification. Such a mixed-layer combination has been described previously only from Japan (Sudo, 1959; Sudo and Hayashi, 1956; Shimoyama, Johns and Sudo, 1969) and from Florida (AItschuler, Dwornik and Kramer, 1963) . The exceptional purity of the Yucatecan material and the precision with which its chemical composition can therefore be characterized prompt this report.
In addition to studying the three original Yucatecan clay samples, two of the authors revisited the localities in October 1968 and collected 25 additional samples of the clay deposits and associated rocks for mineralogical and petrographic studies, primarily in the hope of determining the origin of the clay.
We are grateful for financial assistance from the *Publication authorized by the Director, U.S. Geological Survey.
Carnegie Institution of Washington which enabled two of the authors to revisit the three clay localities. We also are grateful for help from Jose Uc of Ticul, Daniel Coba of Becal, and Cecilia Cobb Cahun of Tepakan, which enabled us to locate or enter the clay mines.
OCCURRENCE

Localities
The Ticul clay deposit is located on the Hacienda Yocat, which is 5 km from the edge of Ticul on the road to Muna (Fig. 1) . The deposit is reached by an inclined shaft whose portal is about 50 m northeast of the hacienda. Mining is by room and pillars. The mined area is about 50 • 100 m.
The Tepakan clay mines are on the southeast edge of the town about 100 m behind the house of Acoba Medina and are reached by vertical shafts. The shaft open in 1968 was 10 m deep. Clay is removed in all lateral directions from the bottom of the shaft until the opening is considered unsafe, when a new shaft is dug. Surrounding caved shafts indicated a mined area about 25 • 50 m.
The Becal clay deposit is 2-3 km southeast of the town, but the mines have not been worked for more than 10 yr and the clay was inaccessible in 1968. Only the limestone and soil at the surface were sampled. Becal clay described herein was obtained from R. H. Thompson. The only surface outcrop of the mixed-layer kaolinite-montmorillonite that we saw was in the bottom of a sinkhole about 4 m deep located just east of Highway 269 and 3 km north of Tepakan. 137 Butterlin and Bonet (1963) . Rocks of the Puc Hills are lower Eocene and Paleocene, undifferentiated.
G eologic setting
The clay beds are 1-2 m thick at all the observed localities. They are tabular and conformable with the enclosing limestones. The lower contact of the clay bed at Ticul is sharp, smooth, and slightly hummocky with a relief of a few cm. The lower contact at Tepakan was not seen, but an auger hole ended very abruptly on a hard surface that could not be penetrated with the auger and that was assumed to represent a sharp contact with underlying limestone. The upper contact at Ticul is sharp and the clay bed is separated from the overlying limestone by lenses of breccia 0-15 cm thick composed of fragments of clay and limestone. The clay bed at Tepakan grades upward into the overlying limestone through a mottled interval 2 m thick composed of brown clay and white limestone. At the sinkhole locality north of Tepakan the clay bed was poorly exposed, but the upper contact appeared to be similar to that at Tepakan; the lower contact was below water level. The main nonclay contaminant in the clay beds consists of angular, uncorroded fragments of limestone similar in appearance to the enclosing limestones. The clays are all slickensided and mottled brown with gray. The gray color tends to occur along slickensides, The brown coloring matter is goethite.
The three locations as plotted on Butterlin and Bonet's (!963) geologic map (Fig. 1, this rep. ) indicate that the Ticul and Becal clay beds both occur near the top of a unit of marine Carbonates of undifferentiated early Eocene and Paleocene age. The Tepakan deposit, however, appears to be stratigraphically higher. The map, however, i s a highly generalized one. The Puc Hills anticline ( Fig. 1) is very asymmetrical, so that the beds dip about 15 ~ NE off the anticline at Ticul but were seen to be nearly flat-lying in the Tepakan-Becal area. As the clay beds in the Tepakan-Becal area are all about the same depth below a nearly level surface and the localities only a few km apart, our hurried observations indicate that all the clay beds could be of the same age, probably upper Eocene.
Petrology
Thin-section study of the clay reveals a mass of mostly randomly oriented clay flakes, in keeping with the lack of bedding in hand specimens. Only locally are thin zones of clay oriented, apparently parallel to the slickensides prominent in hand specimens. The apparently low birefringence of the clay (0.003-0.005), judged from blue to yellow interference colors with a gypsum plate, could simply be due to extremely small grain size of the material. Index of refraction of plates in oil is about 1.52. Rare larger shredded plates (Bi= 0.007) appear to be kaolinite. Quartz occurs as equant subangular grains about 0.05-0.1 mm across. Goethite occurs as specks sprinkled in brown parts of the clay and as disseminated dust. Limestone fragments are composed of very fine grained calcite similar to that in adjacent beds and most have sharp boundaries with the surrounding clay. A few appear to be smeared out with tiny calcite particles sprinkled in the clay, along slickensides. The limestone fragments are sparse in most of the thin sections, but they are extremely abundant at the top o f the Tepakan clay bed.
The limestones above and below the clay beds are composed of very fine particles of calcite (0.01 mm av.) with some areas where calcite has recrystallized into larger interlocking crystals. In some thin sections marine foraminifera are recognized.
Mineralogy of samples from the upper, middle, and lower parts of the Ticul and Tepakan clay beds is identical to that of the samples from these localities described in the following sections-predominantly mixed-layer kaolinite-montmorillonite, with minor kaolinite, quartz, and goethite. The limestones are, of course, predominantly c a l c i t e -no dolomite was recognized. Insoluble residues in the four analyzed limestone fragments in the clay beds, in the one limestone sample taken just above the breccia zone above the clay bed at Ticul, and in a limy sample from the transition zone above the Tepakan clay bed all are composed predominantly of mixed-layer kaolinite-montmorillonite and minor kaolinite and quartz, and thus they are mineralogically very similar to the clay beds. The amount of residue in most such samples is 7-10 per cent, but in the Tepakan transition zone 38 per cent residue was measured. Insoluble residues from higher limestone samples and also from the single sample taken from below the Ticul clay bed are all montmoritlonitic and the residue tends to be relatively small in amount, 89 per cent, though 11 per cent montmorillonitic residue was found in a sample of soft limestone 4 m above the Tepakan bed.
Five samples of modern Terra Rosa soils developed on limestones above the clay deposits consist predominantly of poorly crystallized kaolinite with abundant hematite and a little quartz.
Inferred origin
The following origin, though highly speculative, accounts for the relations described above. A volcanic ash fall in Eocene time seems the most likely precursor of the clay beds because: (1) volcanic ash or montmorillonite derived from it is the parent material of the mixed-layer kaolinitemontmorillonite in Florida and Japan; (2) many volcanic ashes and bentonites derived therefrom are very low in quartz, as are the Yucatecan clays; (3) much volcanic debris occurs in the Tertiary rocks in the Gulf of Mexico region; and, (4) because an ash fall is one of the few reasonable mechanisms for introducing nearly pure aluminosilicate material into a sedimentary sequence dominated by carbonate rocks. Alteration of the ash, probably by weathering under acidic conditions, produced montmorillonite with H-AI interlayers partly in the form of gibbsite-like layers. Poncelet and Brindley (1967) have shown that such material converts readily to kaolinite. The weathering probably did not take place at the marine site of deposition. Acidic conditions are unlikely in a marine environment, and if they did occur, they would corrode limestone fragments in, and limestone beds below the clay beds. Weathering more likely occurred in nearby land areas, and the weathered material was transported by streams so sluggish that they could carry little material coarser than the very fine grained mixed-layer clays. Some of the transported material was disseminated into the sea and mixed with large proportions of clastic carbonate material, but in other areas along the coast the clay-bearing stream waters must have emptied into basins almost completely cut off from the sea, possibly by an offshore bar. Occasional storm waves breaking over the bar may have carried in the fragments of partly consolidated limestone that are the principal contaminants of the clay beds.
Deposition of nearly pure clay terminated when the protecting rim of the basin was breached or when the basin filled. Abrupt breaching seems most likely for the Ticul deposit, with entry of much fragmentary limy sediment, some wave erosion of the clay bed, and mixing of fragments of the two rock types in a breccia overlying the uneroded clay. The gradational upper contact of the clay bed at Tepakan seems better explained by basin filling or a more gradual breaching of the basin and gradual increase in carbonate sediment until conditions returned to the ocean-bottom deposition of fine-grained carbonate sediments normal to the area. Still later, the weathering conditions in the hinterland that produced the mixed-layer kaolinitemontmorillonite clay changed to more normal montmorillonite-producing regime as indicated by the montmorillonitic insoluble residue in limestones more than a meter or so above the clay beds. Compaction after burial produced the slickensides and percolating ground water moving along the fractures dissolved goethite, producing the present mottled coloration of the clays.
PROPERTIES OF PURIFIED CLAYS
Particle size and shape, and mineral analysis
Sixteen grams of the Ticul, Tepakan, and Becal clays were handpicked to exclude calcite and brown clay containing goethite and to retain only the light-greenish-gray material. The brown parts of the mottled clays, according to mineralogical and chemical analyses not shown, contain 4-5 per cent of goethite; otherwise they are identical with the light-greenish-gray parts. The goethitefree greenish-gray clay was disaggregated in water with an ultrasonic probe and separated into sized fractions by centrifugation (Table 1 ). An unusual aspect of the three clays is the extremely small particle size. Not only is most of the disaggregated material finer than 88 p effective spherical diameter, but electron micrographs (Fig. 2 ) of the 88 and 1-10/~ fractions show that much of the mixed-layer kaolinite-montmorillonite found by X-ray analyses of these coarser fractions is in aggregates of particles of about the same grain size as in the < 88 fraction. Because of the fine particle size of the samples, our usual method of preparing oriented aggregates on porous tiles for X-ray study could not be used, as most of the < 88 
93 '8 95-3 96"0 2-9 3.5 1 "7 --0"3 2.6 0.6 2.0 tr tr tr 0.7 0.3 1.1 tr material went through the tile when a vacuum was applied under it. Glass slides, smears, or porous tiles without vacuum were used instead. X-ray analyses show that mixed-layer kaolinitemontmorillonite comprises about 95 per cent of all three of the clay samples and is the only component detected in the < 88 fraction. Some of the kaolinite in the coarser fractions shows typical hexagonal crystal edges. Most quartz particles are moderately well rounded (Fig. 2) . Crystals with square outlines in the micrographs of the Ticul 1 -10/z fraction and Tepakan 88 fraction may be the anatase detected by X-ray in the coarser fractions of these samples.
Most of the mixed-layer kaolinite-montmorillonite crystals (Fig. 2 , <, 88 fractions) are nearly round and are 1/20-1/10/~ across. The particles must be flakes, as indicated by their high degree of preferred orientation when they are settled from a water suspension onto a glass slide. A few small crystals, indicated by the arrows on Fig. 2 , have fairly good hexagonal outlines. It is not known if such hexagonal particles are mixed-layer kaolinite-montmorillonite or if they are kaolinite crystals that are too sparse to be detected in the X-ray analysis. If the particles are kaolinite crystals, they are too small a part of the < 88 fraction to affect the chemical analyses appreciably.
X-ray diffraction
X-ray diffractometer traces for the Ticul sample are shown in All other reflections are considered, on the basis of their very considerable enhancement by orientation, to be basal reflections. Their behavior after several treatments commonly used for clay mineral identification seems, from the discussion that follows, to be compatible only with a mixedlayer interstratification of kaolin-like and montmorillonite-like layers.
The only other clay mineral that closely resembles the Yucatecan clays in some of its X-ray properties is slightly hydrated halloysite. Therefore, a listing of the features that distinguish mixedlayer kaolinite-montmorillonite from halloysite might obe useful. The 06 d-spacings of 1.494-1.497 A are distinctly high for a kaolin mineral like halloysite. Halloysite does not produce the pronounced 3.3A reflection after the kaolin layers are destroyed at 550~ Halloysite normally cannot be oriented so perfectly as the Yucatecan clays, though some platy halloysites have been described (Brindley and Souza Santos, 1966) . Finally, the d-spacing near 8 .A after 300~ heating could not be from halloysite. Such heat treatment should eliminate all adsorbed water, and the layer thickness of halloysite should decrease to about 7.2,~. The 8.0-8.4 A. reflections observed Bar graphs at the top indicate positions and approximate intensities of basal orders for primary layer thicknesses given at the right. The hk indices above the trace of the unoriented powder are from Brindley (1961, p. 28 and 114) and MacEwan ( 1961. p. 192) . CuK, radiation, sample length 40 mm.
after 300~ heating are the most easily observed and are the single most diagnostic feature of mixedlayer kaolinite-montmorillonite. Mixed-layer crystals composed of layers of two different thicknesses produce basal X-ray reflections at d-spacings intermediate between the (00/) d-spacings of the two end-member layers. The exact position, shape, and intensities of the reflections depend upon the relative frequency and order of stacking of the different layers, differences in dspacing, structure factors of the end-member layers, and the crystal size if the layers in each crystal are few (Ross, 1968) . Regular alternation of layers gives a "superorder" basal reflection corresponding to the sum of the layer thicknesses and a series of higher-order reflections at rational repeat distances of the superorder. Irregular stacking of layers produces reflections at irrational repeat distances. Migration curves of peak positions with change in proportions of end-member layers generally follow an S-shaped curve. If the end-member d-spacings are far apart, the S is pronounced, if close together, the S is nearly a straight line. Reflections tend to be sharp and strong if the end-member reflections are close together and strong, and they are broad and weak if end-member reflections are far apart. If one endmember reflection is much stronger than the other, the weaker may have little effect on peak position. For detailed discussions of diffraction from mixedlayer crystals, see MacEwan et al. (1961) and Ruiz Amil et al. (1967) .
Positions and approximate intensities of (00/) reflections for kaolinite and montmorillonite of Positions for the basal reflections of the Ticul clay in Fig. 3 may be compared with those of K(ooz) and Mto0z) at the top of Fig. 3 . Positions observed for the two strongest reflections are compared again on Fig. 5 . The 7.45 ,~ reflection from material airdried at about 40per cent r.h. apparently is a K(oolJJ5"4(oo2) reflection intermediate between the 7.15 A K(ool) and the 7.7 A 15.4too2 ) of montmorillonite. A predominance of double hydrate layers of montmorillonite with 15.4 .~ thickness seems indicated for three reasons: (1) the Ktool)/15"4(oo2) and K~oo2)/15"4toos) reflections resemble those of the Ca-saturated clay much more than they resemble those of the Na-saturated clay (Fig. 6 ) and, at the prevailing humidity, Ca-montmorillonite normally has a 15.4 A layer thickness and two water layers rather than a 12-5 A layer thickness and a single water layer (Mooney et al., 1952 , or see MacEwan, 1961 ; (2) the layer thickness must be more than 14.9 A to account for the observed 7.45 spacing; and, (3) layer thickness much above 15.4 A are not likely at a r.h. below 50 per cent. Increases in Mtoo2) to 8.5 ,~ after glycol saturation and to 8.9 A after glycerol saturation account for the observed increases of Ktooi)/17too2 ) to 7.7A and Ktoo~J17"8(o02) to 7.9 ,~. After 300~ heating, it is not Mtoo~ ) but Mtoo~ ) at about 9-6 ,~ that causes the final increase in the d-spacing to 8.0 ,~. After 550~ .4A for airdried montmorillonite with two layers of water, 9-6,~ for dehydrated montmorillonite, and 7.15 A for kaolinite. Notation used for basal reflections in the following discussion is as follows: 17tOOl ), 17too2), etc. or 9"6(OOl), 9'6too2), etc. for first, second, etc. orders of montmorillonite with these layer thicknesses; Mtoot ) for the montmorillonite basal reflections in general; Ktooi), K(oo2), etc. for kaolin ite basal orders with an unvarying 7.15 A layer thickness, and K(ool)JlT(oo~) or K(ooz~/15.4(oo~)for reflections from mixed-layer combinations. heating, breakdown of kaolinite layers causes the reflection nearly to disappear. The remaining montmorillonite layers produce a pronounced 9"6(oo3) and a weak 9"6(oo2) and 9"6(o01). The latter reflection may also result partly from the structural debris of the destroyed kaolin layers, which commonly gives a very broad reflection centering near 10or 11A. Most features of the basal reflections of the Tepakan and Becal clays (Fig. 4) are similar to those.of the Ticul sample (Fig. 3) . However, the air-dried K(ool)/15'4(oo~)and the K(ool)/9"6(ool)are notably broader for Tepakan clay than for the other clays, The Becal clay differs mainly in the pronounced broad additional reflections centering near 16 .A,, 20 .A, and 21 A for air-dried, ethylene glycol-, and glycerol-saturated clay. These low-angle reflections seem not to be superorders of a regularly mixed-layer kaolinite-montmorillonite because (1) the &spacings are not the sum of theolayer thicknesses (e.g. glycol, 7A+I7A # 20A), (2) they disappear after 300~ heating, and (3) their sequences of basal orders are irrational. Although the observed d-spacings are distinctly high for a separate montmorillonite phase, they are very broad. When the profilesof such broad reflections are corrected for :Lorentz and polarization factors (Klug and Alexander, 1954, p. 683 ) which increase intensity of scattered radiation greatest at low 20 angles, the midpoints of the corrected reflections decrease for ethylene glycol and glycerol treated samples to near 17 A and 18 A spacings typical of montmorillonite. Yet, after 300~ heating, there is no sequence of basal orders from about 9-6 A as should be produced by unmixed montmorillonite crystals. The best interpretation of the reflections observed in the 16-21/~ range seems to be as "isolated peaks" (MacEwan et al., 1961, p. 417) which may appear when layer-thickness differences are very large and the normal intensity of one of the layers is very great; such reflections undergo only slight change of position and merely get stronger as the corresponding component increases in amount. The inferred higher proportion of montmorillonite layers in the Becal sample is in accord with several other features: (1) very broad and weak reflections near expected montmorillonite positions that are most pronounced for the Becal clay (note the 14~ ~ 20 regions of Figs. 3 and 4); (2) the more pronounced 3.3 A M(003) near 27 ~ 20 after the kaolin layers of the Becal clay are destroyed by 550~ heating; (3) the previously mentioned 06 d-spacings, of which that for the Becal clay is largest and nearest that normal for mont L morillonite; and (4), as will be seen, most chemical as well as other X-ray data. One exception is the K(ool)/15"4(oo2) d-spacings (Fig. 5 ) which are identical for all three clays insofar as it can be measured. However, the 7-15 A and 7.7A, d-spacings that produce this reflection are too close together for a very accurate evaluation from such broad reflections. Other combinations with K(ool) (Fig. 5) consistently indicate that the most montmorillonite occurs in the Becal sample. More kaolinite layers seem to be indicated in all three samples after the 300~ treatment than after the other treatments, but the relatively large d-spacing difference between K(ool) and 9"6(OOl) makes the straight-line relations illustrated on Fig. 5 least likely for this combination.
The K(oo2~M(ool) reflections (Fig. 5) do not show quantitatively significant differences in d-spacings between samples, and only the I~ooe)/l 7(005) peak positions indicate layer proportions that are approximately similar to those for the K(00~)/M(0o~) reflections. Qualitatively, though, the reflections seem to make sense. The K(0o2)/17"8(o0~)reflections are all in similar positions and are relatively sharp and intense (Figs. 3 and 4) owing to the near coincidence of the two d-spacings. The K(oo2)/9"6(oo3) reflections are relatively broad and at slightly smaller d-spacings than with glycol or glycerol because the spacings are farther apart; the limited peak shift from the K(oo2 ) position probably indicates a strong S-shape to the layer-frequency vs. peak-position curve. The K~oo2)/15"4(oos) reflection shifts even less from the K(oo2) position, probably because K(ooz) is closer to 15"4(oo4) than 15"4too5); the slight shift and marked asymmetry toward 15"4(oo5) probably reflect the much greater intensity of this reflection than the 15"4(oo4).
Similarity of the K(oo3)/9"6(oo4) and K(oo3)/17(oo8) reflections is due to the near coincidence of all the d-spacings involved. The 17"8(oo7) and 17"8(oo8) of the glycerol treated material are nearly equidistant from K(o03); the pronounced asymmetry toward the 17"8(oo8) reflection is due to its greater intensity relative to the 17"8(oo7). The discrepancy in this series of reflections is the symmetrical shape of the peak from air-dried material that, as with the reflection for glycerol treated clay, should be more asymmetrical toward 15.4,,o7, The K(oo4fl17"8(oo,,o) is fairly sharp, owing to near coincidence of these d-spacings. Reflections of glycol-treated, air-dried, and 300~ material are slightly shifted from K(oo4, and are strongly asymmetrical toward relatively intense 17(oo9, 15"4(oo8, and 9"6(005) reflections although the nearly identical positions and intensities of 9"6(oo5) and 15"4(oo8) are not in accord with the relative weakness of the K(oo4)/15.4(oos) reflection.
The reflections in the K(oo5~M(0o~) group show little variation after the different treatments. The one consistent difference is the relatively great asymmetry toward 9"6(0o7) which is fairly far from K(oos) and does not have a nearby and counterbalancing 9"6(oos) as is the case for 17"8(oo,,3) and 17"8(00,12).
Observed X-ray diffractometer traces appear, at least qualitatively, to be in close accord with those theoretically expected from mixed-layer kaolinite-montmoriUonite. Considering undetermined effects of (1) very fine particle size, (2) large differences in structure factors of kaolinite and montmorillonite layers, (3) deviation of layerfrequency vs. peak-position from assumed straightline relations, (4) the unknown expanding characteristics of interlayer regions between kaolinite and montmorillonite layers, and (5) as will be demonstrated, the inclusion in the mixed-layer sequences of a small proportion of mica-like layers, the general agreement between observed X-ray scattering and that expected from a model so simple as an interlayering of expandable montmorillonite layers and nonexpandable kaolinite layers is remarkable. Discrepancies with theory are most common for the air-dried samples, suggesting deviation of some of the montmorillonite layers from the assumed 15.4 layer thickness. The X-ray analyses alone seem clearly to indicate that the clays must be randomly mixed-layer combinations predominantly of kaolinite-montmorillonite and that the Ticul sample contains a higher proportion of kaolin layers than do the other samples, and the Becal sample contains a higher proportion of montmorillonite layers. The exact proportion of layers cannot be determined by us from the X-ray data, but relations illustrated in Fig. 5 suggest that all of the samples have roughly equal proportions of the two layers.
X-ray analyses after various other chemical and heat treatments give some indication of the probable properties of the montmorillonite layers of the Yucatecan clays. When the layers are Mg saturated and treated with glycerol, the peak positions are similar to those shown on Figs. 3 and 4 for glycerol without Mg saturation, indicating that the montmorillonite layers still expand to about 17.8 ,~. Therefore, the layers do not have a layer charge as high as that of vermiculite which should expand only to about 14-5 A (G. F. Walker, in Brown, 1961, p. 315) , the 14"5(oo2) of which (7.25,~) in combination with the 7.15A K(oo,) could not account for the observed 7-45 A reflections. However, expansibility with ethylene glycol is somewhat less when the clays are first K saturated and then heated to 300~ than it is without this treatment, indicating the layer charge is relatively high within the range common for montmorillonite (Schultz, 1969) . Greene-Kelly's (1955) Li-test causes no decrease in expansibility in the Ticul and Tepakan samples and only a barely perceptible decrease in the Becal sample, so the layers apparently have a large amount of A13+-for-Si 4+ substitution.
Exchangeable cations and capacity ( CEC )
Half-gram splits of the purified < ktz samples used for X-ray and chemical analyses were leached overnight in 75 ml of neutral NH4CI. Leachates were separated by centrifugation, the samples washed chloride-free with methanol, and the washings added to the leachate. Analysis of leachates for Ca and Mg was by Versene titration and for Na and K by flame photometry. Results (Table 2) show a reasonably good agreement between the sum of the determined exchangeable cations expressed as oxides and the amounts of CaO and N~,O reported in the chemical analyses (Table 3) . About one-fourth of the Mg in each sample is exchangeable. The amounts of nonexchangeable K20 would correspond to at least 5 per cent mica or K-feldspar, amounts that would certainly be detected by X-ray. Thus, some of the layers of the mixed-layer clay must be mica-like. The CEC values indicate an increasing amount of montmorillonite from the Ticul to the Tepakan to the Becal sample, as has already been indicated by the X-ray studies (Fig. 5) . 
Chemical analysis and structural formulas
Chemical analyses of < 88 p, fractions of the three Yucatecan clays given on Table 3 are the basis for the calculation of structural formulas of the montmorillonite layers of the mixed-layer clay. No impurities were detected in any of the Yucatecan clays by X-ray. A trace of calcite was detected with acid under the microscope in Ticul clay. Calcite is soluble in the NH4Cl solution used to determine exchangeable cations, and from an excess in total exchangeable cations over the CEC of 3.9 me/100g, apparently 0.2 per cent calcite was dissolved. Possible presence of amorphous material was tested by boiling splits of the three clays for 5 min in 2-per cent solutions of Na,SO3 in which amorphous alumina and silica are soluble. Resulting weight loss was less than 1 per cent in all samples, and chemical analyses of the treated clays (not given here) are essentially the same as those of untreated clay shown on Table 3 ; therefore the samples apparently contain no appreciable amount of amorphous material. Anatase detected in size fractions > 88 in electron micrographs (Fig. 2) and by X-ray (Table l) suggests that the fraction of a per cent of TiO2 shown for all < 88 fractions in Table 3 may also occur as anatase that is too sparse to detect by X-ray. The possible kaolinite particles shown in the electron micrographs also are too few to significantly affect the chemical composition. The main uncertainty in calculation of structural formulas from the chemical analyses lies in the assignment of proportions of kaolinite and montmorillonite within the mixed-layer clay.
Qualitatively, at least, on the basis that montmorillonite contains more SiO2 and MgO, and that kaolinite contains more Al20. ~ and more structural (OH) (H20, 300~176
on Table 3 ), the chemical analyses indicate the same relative proportions of kaolinite and montmorillonite as the other data given herein, with the most kaolinite in the Ticul sample and the most montmorillonite in the Becal sample.
Structural formulae of montmorilionite layers for different kaolinite-montmorillonite proportions were calculated from the chemical analyses given on Table 3 after corrections for 0.2 per cent calcite in the Ticul sample and with the following assumptions: (1) TiOz does not occur in the clay but rather in anatase, (2) an ideal anionic framework of [O20(OH)4], and (3) Mg corresponding to the determined exchangeable Mg (Table 2 ) occurs in interlayer positions and the remainder is in the octahedral layers of the montmorillonite. Three parameters of the montmorillonite structural formulas that should come within certain "reasonable limits" are plotted against the proportion of kaolinite on Fig. 7 . "Reasonable limits" are determined as follows. Montmorillonite in the mixed-layer clays, as previously mentioned, behaves like a montmorillonite with a relatively high layer charge, i.e. about 0.85 to 1.2 or 1.3 per unit cell. Above this range the layers should behave like vermiculite when Mgglycerol treated, which they do not. Below this range they should behave like a low-charge mont- morillonite and re-expand fully when K+-300~ -glycol treated, which they do not. The probable layer charge limits have been adjusted on Fig. 7 to slightly higher values of 0.90-1-35 per unit cell to compensate for mica layers, indicated by nonexchangeable K +, which probably have a layer charge higher than average. In the center part of Fig. 7 , it is considered unlikely that the sum of octahedral cations deviates by more than 0-10 from the ideal 4.00 per unit cell. On the right side of Fig.  7 the unbalanced charge in the tetrahedral sheet due to Al3+-for-Si4+ substitution is assumed to be at least 0.60 per unit cell, and is probably higher. 
Differential thermal analysis (D TA )
Differential thermal traces were made from approximately 0-5 g samples of the three Yucatecan clays packed into wells of a nickel block and with temperature increased at 10~ The three DTA traces are so similar that the trace for only one sample is shown in Fig. 8 . Peak temperatures and areas are given in Table 4 . The slight increase in the area of the endotherm due to volatilization of interlayer and adsorbed water from the Ticul to the Becal sample is in accord with the previously inferred increase in montmorillonite through this series. A second endotherm commonly Table 4 .
given by double-water-layer Ca-montmorillonites is unaccountably absent. The size of the 565~ endotherm due to loss of structural (OH) increases slightly from the Becal to the Ticul sample. This increase reflects more kaolin layers in the Ticul sample inasmuch as kaolinite ideally contains about 14 per cent and montmorillonite about 4 per cent structural (OH). The DTA traces show no sign of a dehydroxylation endotherm near 700~ as is normal for montmorillonite. Thus, the montmorillonite layers are a non-ideal variety and may contain amounts of structural water different from the ideal 4 (OH) per unit cell (Schultz, 1969) . When the samples are fired to 1000~ they become amorphous.
Thermal gravimetric analysis (TGA) and structural (OH)
A TGA curve was made only of the Tepakan sample (Fig. 9) . Air was first pumped from the sample enclosure to eliminate effects of convection currents and to consolidate all buoyancy correction due to change in density of the air into this first part of the curve. At point B on the curve, the furnace Fig. 9. TGA curve of a 100-mg sample of air-dried < 88 Tepakan clay. Vacuum applied at A and maintained at 10mm Hg to F. Heating began at B and temperature raised at 100~ to 1000~ at F where it remained for 3 hr; then temperature and pressure stabilized to room conditions at G over a 7-hr interval.
was turned on and the temperature raised at i 00~ hr to 1000~ and maintained there for 3 hr. The balance, after some bouncing during cooling and release of the vacuum, stabilized at G at a point 1.00 mg greater than at point F, before the release of the vacuum. This 1-00 mg represents the buoyancy loss and is added to the 5.10-mg weight loss from points A to B, during vacuum pumpdown.
Point D is the intersection of straight lines drawn from inflections in the curve at C and E. On a comparative curve made under identical conditions on this same apparatus of a sample from Chambers, Arizona (Schultz, 1969, Table 4) , the weight loss between similarly derived points D and F corresponded exactly to the ideal 4.00 (OH) per unit cell. As the Chambers sample is believed, in fact, to contain an ideal amount of structural water, point D is also used to evaluate what is believed to be a true structural water value for the Tepakan clay.
The 8-30-mg weight loss from points D to F on Fig. 9 is 8-30 per cent of the original 100 mg airdried sample. The total weight loss from A to G of 15.8 per cent of the sample air dried in Denver is considerably less than the 20.0-per cent ignition loss when the sample was chemically analyzed in Washington, D.C. (Table 4) . Because of different degrees of hydration, samples are compared on the basis of their ignited weight. The 8.30 per cent from TGA is 9.86 per cent of the ignited weight. The 7.8-per cent water loss between 300 ~ and 1000~ corresponds to 9.75 per cent of the ignited weight, and is in remarkably good agreement with the TGA measurement. The 300~176 water losses of the Ticul and Becal samples (Table 4) correspond to 9.88 per cent and 8.42 per cent of the ignited samples. The structural (OH) values are thus qualitatively in accord with a kaolinitemontmorillonite composition of the samples, as they are midway between the ideal values of 16.2 per cent of ignited weight for kaolinite and about 5 per cent for montmorillonites.
Amounts of structural (OH) for different kaolinite-montmorillonite ratios calculated from the TGA curve of Tepakan clay, from the 300~176 weight loss of all three samples, and assuming ideal structural water in the kaolinite are shown on Fig. 10 . The most reliable data, from the TGA run, indicate a slight deficiency of structural (OH) for the minimum probable proportion of kaolinite layers in the Tepakan sample indicated by the chemical data, and for the "best guess" shown by the point of the bracket the deficiency is much greater, with only about 3(OH) per unit cell. The amount of 300~176 water is slightly more deficient for the Tepakan sample than is calculated from TGA, and is much more deficient for the Becal and the Ticul samples. Deviation of structural (OH) from an ideal of 4 per unit cell will affect the structural formulas, because the assumed negative charge of 44 per cell [O~o(OH)4-1] -44 will not be correct. Calculations evaluated as on, Fig. 7 , but including the amount of structural (OH) indicated by the 300-1000~ weight loss instead of the ideal 4 (OH), result in a lower and even narrower reasonable range for proportions of kaolinite layers that give reasonable structural formulas for the montmorillonite layers-about 45 per cent kaolin layers in Ticul and Tepakan and 35 per cent in Becal clay. These proportions yield an average structural formula for the montmorillonite layers of K0.2 Nao. 2 Cao.2 Mgo.1 (Al~.0 Fe0.s Mgo.5) (Alo.s Sit.z) 02o.3 (OH)3.7. The sum of the octahedral cations of 4.2 is a bit high, but if the assumed proportion of kaolin layers is reduced further the layer charge becomes unrealistically low.
The absolute numbers used in the five preceding paragraphs should be taken with caution. Structural (OH) is very difficult to determine with confidence, though the vacuum apparatus does eliminate some uncertainties inherent in the analyses performed in the atmosphere. Also, we have no way of knowing if the (OH) deficiency of the clays is in the montmorillonite or the kaolinite layers. We do believe that the data provide a fairly good qualitative case for some deficiency in structural (OH) in the three Yucatecan clays. The data are certainly in accord with the basic mixed-layer kaolinitemontmorilionite composition inferred from all other data for the clays, and the inferred (OH) deficiency is in accord with the absence of an -700 ~ endotherm expected for ideal montmorillonite as discussed in connection with the DTA results.
